Abstract. A 2.4 GHz self-differential down-conversion Gilbert cell mixer with current-reuse topology is presented in this paper. This design is targeted for low-power IoT applications. Here, by using a novel self-differential RF input stage with current-reuse topology, the single-ended RF signal can be transferred into differential signals without using a balun. With an applied local oscillator (LO) power of 10 dBm and RF signal of -30 dBm, this mixer demonstrates 9.886 dB of conversion gain, 10.4 dB of noise figure at 5 MHz and an IIP3 of 1.1767dBm in both I/Q branch. The design consumes 1.57 mA from a 1.8 V voltage supply.
Introduction
By the development of wireless short-range technologies [1, 2] , such as Internet of Things (IoT) [3] , including wireless body area networks (WBANs) and Wireless sensor networks (WSNs), low-cost, low-power wireless transceivers have attacked considerable research. The focus of this paper is on the design of a down-conversion mixer applied in an IoT receiver.
Mixers are a key building block in any transceiver systems, especially in the receivers, because the receiver dynamic range is often limited by the down-conversion mixer [4] . In most cases, LNA do the amplified function, while the mixer has to guarantee low noise figure, high linearity, and low-power consumption. The design of the mixer is the trade-off among conversion gain, noise figure, linearity, port-to-port isolation, voltage supply and current consumption. Therefore, it is vital to choose a suitable mixer topology.
The most often used active mixer topology is the double-balanced switching (Gilbert cell) mixer. On the one hand, Gilbert cell mixer has inherent port-to-port isolation [4] making the doubly balanced structure ideal for integrated circuit design. On the other hand, due to the stacked topology (three stages: RF input stage, local oscillator (LO) switching stage and IF load stage) when the supply voltage reduced, it is important to maintain dynamic range for transceiver performance [5] .
In the typical IoT receiver the LNA outputs a single-ended signal, and normally a balun is needed to convert the single-ended signal into a differential signal. However, an on-chip balun costs an increase in chip area and results in greater power dissipation. [6] has shown the possibility of a self-differential mixer, by using a NMOS-PMOS transistor pair instead of the conventional NMOS-NMOS transistor configuration in the RF input stage. However, when this topology applied in I/Q mixer, the linearity of I branch and Q branch became different. This will hurt the linearity of the whole RF front-end receiver system. To solve the problem, in this work, a novel current-reuse topology is used to balance the linearity of both I branch and Q branch of the mixer.
The rest of this paper is organized as follows: Section 2 describes the mixer architecture and discussed the self-differential RF input stage in details. The simulation results are summarized in Section 3. Finally, conclusions are presented in Section 4.
Proposed Self-differential Mixer Design
The down-conversion Gilbert cell mixer applied in IoT receiver is shown in Figure 1 . In this work, a NMOS-PMOS differential pair was used in the bottom part of the RF input stage instead of the traditional NMOS-NMOS RF input stage. To balance the mismatch caused by different carrier mobilities of the NMOS transistor and PMOS transistor in the bottom part of the RF input stage, a PMOS-NMOS current-reuse topology was added as the top part of the RF input stage. Four switching pairs consist of eight NMOS transistors with the same size were used in the LO switching stage. The design of the LO switching stage has a trade-off between switching time and flicker noise.
Long channel PMOS transistor was used in the IF load stage. Comparing with those mixers which use load resistor [7] , long channel PMOS has the advantage of larger RL and cost less voltage headroom, and gives more freedom of the transistor size in RF input stage.
The main challenge in active mixer design is the severe trade-off among the CG (conversion gain), noise figure (NF), linearity, and power consumption. All these parameters are related to the dc of the RF input stage. In this paper, as shown in Figure 2 , a modified RF input stage was applied. The purpose of this design is to create a self-differential input stage and at the same time maintain the balance of the CG, noise figure, and linearity of both I branch and Q branch. In order to achieve this goal, V A must equal to V B . Eq. 1 therefore, must be satisfied, and the solutions are shown in Eq. 2.
(1) (2) Where µ n and µ p are the mobilities of NMOS and PMOS transistors respectively. W n and L n are the width and length of the NMOS transistors, while W p and L p are the width and length of the PMOS transistors. The NMOS and PMOS transistors in Eq. 2 are in the same part of the RF input stage.
In this design, current reuse technique was used not only to balance the linearity of both I branch and Q branch, it can also lower the bias current of the transistors in the LO switching stage [8] .
An active IF load stage is applied in this mixer design, though MOSFET will bring flicker noise in the circuit apart from the resistor, long channel PMOS has the advantage of large resistance and cost small chip area. The layout parasitic extraction is executed and validated under Cadence Spectre simulator package. The RF input frequency is 2.405 GHz with -30 dBm power level, the LO input frequency is 2.4 GHz with 10dBm power level. The IF output frequency will appear at 5 MHz and the post-layout simulation results were carried out a power consumption of 2.826 mW under 1.8 V supply voltage.
Experimental Results
As is shown in Figure 4 , the conversion gain (CG) is 9.886 dB. Figure 5 shows the noise figure of the mixer. A noise figure of 10.4 dB is measured at 5 MHz. The simulated IIP3 of I branch is 1.17668 dBm, and 1.17673 dBm in Q branch, as shown in Figure 6 . Table 1 compares the performance of this self-differential mixer and that have already been published. The dynamic performance of mixer is evaluated by using the figure of merit (FOM), which is defined in the following Eq. 3 [8] . (3) Where CG and NF represent the conversion gain and noise figure in dB and IIP3 in dBm. The dc power consumption (P) is expressed in W. The FOM is based on the fact that the performance of mixer is better if CG and IIP3 are as high as possible while NF and P are as low as possible. It is evident the self-differential down conversion Gilbert cell mixer shows very good FOM compared to other CMOS mixers presented in Table 1 . It is obvious that this design has the smallest core size and highest FOM. 
Conclusion
In this paper, a down conversion self-differential Gilbert cell mixer with current-reuse for IoT low-power wireless application is presented. The mixer is designed and implemented in 0.18-µm TSMC CMOS technology. This paper mainly contributes toward solving the problem of transform single RF signal into differential RF signal on-chip without using a balun, and at the same time balance the linearity of both I branch and Q branch. The proposed new mixer topology achieves a CG of 9.886 dB, a noise figure of 10.4 dB, and IIP3 of 1.1767dBm in I branch and 1.1767dBm in Q branch. Normalizing mixer performance with a FOM shows that the self-differential down conversion balunless Gilbert cell mixer with current-reuse has excellent performance in comparison with other proposed CMOS mixer designs.
